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Abstract: As one of the important ions associated with bone osseointegration, magnesium was 
incorporated into a micro/nanostructured titanium surface using a magnesium plasma immersion 
ion-implantation method. Hierarchical hybrid micro/nanostructured titanium surfaces followed by 
magnesium ion implantation for 30 minutes (Mg30) and hierarchical hybrid micro/nanostructured 
titanium surfaces followed by magnesium ion implantation for 60 minutes (Mg60) were used as test 
groups. The surface morphology, chemical properties, and amount of magnesium ions released were 
evaluated by field-emission scanning electron microscopy, energy dispersive X-ray spectroscopy, 
field-emission transmission electron microscopy, and inductively coupled plasma-optical emission 
spectrometry. Rat bone marrow mesenchymal stem cells (rBMMSCs) were used to evaluate cell 
responses, including proliferation, spreading, and osteogenic differentiation on the surface of the 
material or in their medium extraction. Greater increases in the spreading and proliferation abil- 
ity of rBMMSCs were observed on the surfaces of magnesium-implanted micro/nanostructures 
compared with the control plates. Furthermore, the osteocalcin (OCN), osteopontin (OPN), and 
alkaline phosphatase (ALP) genes were upregulated on both surfaces and in their medium extrac- 
tions. The enhanced cell responses were correlated with increasing concentrations of magnesium 
ions, indicating that the osteoblastic differentiation of rBMMSCs was stimulated through the 
magnesium ion function. The magnesium ion-implanted micro/nanostructured titanium surfaces 
could enhance the proliferation, spreading, and osteogenic differentiation activity of rBMMSCs, 
suggesting they have potential application in improving bone-titanium integration. 
Keywords: surface modification, micro/nanostructure, magnesium, ion implantation, osteo- 
genic differentiation 

Introduction 

Titanium has been successfully used in clinical applications due to its excellent biocom- 
patibility, especially in bone anchoring systems such as dental and orthopedic implants 
and other internal fixation applications. Satisfactory osseointegration must be achieved 
to ensure that a long and stable functional dental implant is retained in the mandible 
or long bone. 1 Since surface characteristics are critical factors influencing interac- 
tions between the cell or extracellular matrix and implants that can lead to eventual 
osseointegration, 2 various surface treatment methods have been employed to optimize 
dental implant surfaces for improving their bioactivity and osseointegration. 3 

Surface modification of dental implants involves several features, including their 
topography, free energy, crystal structure, and chemical composition. 4 " 7 Among these, 
modifications in topography and chemical composition are particularly critical factors 
for methods of alteration of titanium surfaces. 
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For modification of surface topography, it has been 
suggested that microtopographies can enhance osteoblast dif- 
ferentiation and production of local growth factors in vitro, 8 - 9 
and promote bone-to-implant contact. 10 Nanotopographies 
can directly correspond to the sizes of proteins and membrane 
receptors that could also increase osteoblast differentiation 
and tissue regeneration. 11 Taking into account the importance 
of both microtopographical and nanotopographical features, 
the synergistic effects of dual-length scale materials show 
promise for improving osseointegration. 12 In a previous study, 
a hierarchical hybrid micro/nanotip film was fabricated on a 
titanium surface (NT) using acid etching to form micropits; 
a sodium titanate nanotip texture was produced using hydro- 
thermal treatment, and H + was then incorporated using an ion 
exchange process. The optimized NT surfaces showed better 
bioactivity and osteogenic activity compared with micror- 
ough titanium surfaces treated by acid etching alone. 13 

Another significant approach for improving the bio- 
logical performance of dental and orthopedic implants is 
alteration in surface chemical characteristics. Incorporation 
of bioactive trace elements such as calcium, silicon, zinc, 
strontium, and magnesium is frequently used. 14 " 18 These 
trace elements are able to stimulate bone growth and bone 
healing by enhancing osteoblast activity. 19-21 As one of the 
most abundant elements in the human body, 22 magnesium 
is essential for bone metabolism and stimulates new bone 
formation, and may also interact with integrins of osteo- 
blasts, which are responsible for cell adhesion and stabil- 
ity. 2324 Cell responses were enhanced with incorporation 
of magnesium ions, which appeared to correlate with an 
increasing concentration of magnesium ions. 25 For example, 
Cho et al reported that magnesium ions implanted in resorb- 
able blasting media-treated titanium surfaces using the 
plasma source ion implantation technique enhanced their 
capacity for osseointegration. 26 In another study, implanta- 
tion of magnesium ions on commercial pure titanium that 
was treated with sand blasting using large grit and acid 
etching 27 improved initial cellular attachment, resulting in 
enhancement of osteoblast differentiation. Together, these 
studies indicate the potential of magnesium for improving 
osseointegration in vivo. Plasma immersion ion implantation 
stands out from other surface modification processes used 
to incorporate metal ions into titanium surfaces (eg, plasma 
spraying, electrolytic processes, sol-gel, and laser cladding) 
because of its high accuracy in controlling the concentration 
and depth distribution of impurities. 28 

Hence, we hypothesized that a specific micro/ 
nanostructured surface NT with good bioactivity and 



osteogenic activity might possess better bioactive properties 
and further enhance the osteogenic activity of rat bone mar- 
row mesenchymal stem cells (rBMMSCs) when incorporated 
with magnesium by plasma immersion ion implantation. We 
aimed to fabricate and evaluate this micro/nanostructured 
titanium surface with respect to its potential properties for 
future applications in osseointegration. 

Materials and methods 

Fabrication and modification 
of specimens 

Commercial pure titanium (grade 2, 99.5 wt% purity) plates 
were ultrasonically cleaned in ethanol and deionized water 
several times, followed by pickling in a 5 wt% oxalic acid 
solution at 100°C for 2 hours to remove the oxide layer 
and obtain a homogeneous surface. The samples were then 
ultrasonically cleaned in deionized water and dried in an 
ambient atmosphere for further use. The Ti0 2 structure on 
the titanium surface was hydrothermally fabricated accord- 
ing to methods described in our recent work. 13 Pretreated 
titanium plates were placed in a Teflon-liner reaction vessel 
containing an aqueous solution of 7.5 mL H 2 0 2 (30 wt%) 
and 2.5 mL NaOH (5 M) at 80°C for 24 hours. Subsequently, 
the plates were gently rinsed with deionized water and then 
underwent protonation in HC1 aqueous solution (0. 1 M) for 
2 hours. Next, the protonated titanium plates were rinsed 
to neutral with deionized water and dried in an ambient 
atmosphere, followed by calcination at 450°C for one hour 
to crystallize. This hierarchical micro/NT was then used in 
the ion implantation process. 

Magnesium was implanted into the micro/nanostructured 
titanium surface using a filtered cathodic arc plasma source 
for 30 minutes (Mg30) or 60 minutes (Mg60). The instrumen- 
tal parameters for implantation are listed in Table 1 . 

Surface characterization 

The surface morphology was characterized using a Magellan 
400 field-emission scanning electron microscope (FEI, 
Hillsboro, OR, USA) equipped with an energy-dispersive 



Table I Instrumental parameters used in magnesium plasma 
immersion ion implantation 





Target 


Cathodic arc 


Voltage pulse duration (|lsec) 


450 


450 


Pulsing frequency (Hz) 


7 


7 


Ion implantation voltage (kV) 


-15 




Ion implantation time (minutes) 


30/60 




Pressure (Pa) 


3.6 x lO" 3 
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X-ray spectrometer, which was utilized to determine the 
chemical composition of the titanium surface. Further, trans- 
mission electron microscopic analysis was performed using 
a JEM-2 1 OOF field-emission microscope ( JEOL Ltd Tokyo, 
Japan), with an accelerating voltage of 200 kV Samples 
for the investigation were scratched from the substrate and 
dispersed in ethanol by ultrasound. A droplet of the suspen- 
sion was placed on a holey copper grid covered with porous 
carbon film. 

Cell culture 

rBMMSCs were isolated from 4-week-old male Sprague- 
Dawley rats and cultured according to our previously 
published procedures. 29 Briefly, bone marrow was obtained 
from rat femurs after both ends were cut off at the epiphy- 
sis and rinsed using Dulbecco's modified Eagle's medium 
(DMEM) with 10% fetal bovine serum and 200 U/mL 
heparin. Cells were cultured in DMEM with 10% fetal 
bovine serum in an incubator with an atmosphere of 5% 
C0 2 at 37°C. Nonadherent cells were removed by the first 
medium change after 48 hours. Cells at passages 2-3 were 
used in this study. 

Cell morphology and proliferation 

For cell morphology, 30 cells were seeded on the substrates 
in a 24-well plate at a density of 5 .Ox 1 0 4 cells per mL. The 
nonadhered cells were removed by washing three times with 
phosphate-buffered saline after 24 hours of culture. They 
were fixed in 4% paraformaldehyde for 30 minutes, and 
then rinsed with phosphate-buffered saline. These samples 
were treated with 0.5% Triton X- 1 00 in phosphate-buffered 
saline to permeabilize the cells for 20 minutes and then 
blocked with 1% bovine serum albumin for 20 minutes. 
The actin cytoskeletons were labeled by incubating with 
100 nM fluorescein isothiocyanate-phalloidin (cytoskel- 
eton) for 60 minutes, and then mounted on glass slides 
and observed. 

The MTT 3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide) assay was used to evaluate the 
proliferation activity of rBMMSCs on different substrates. 31 
After one and 4 days of culture, MTT solution was added 
to each targeted well, and the specimens were incubated for 
4 hours to form formazan. The formazan was dissolved in 
dimethylsulfoxide and measured at 540 nm (reference value 
630 nm) using an ELX ultra microplate reader (BioTek, 
Winooski, VT, USA). The results are expressed as units 
of optical density absorbance values. The experiment was 
performed in triplicate. 



Alkaline phosphatase activity 

Cells were seeded on the specimens in 24-well plates at a 
density of 2x1 0 4 cells per mL. After 14 days of culture, the 
cells were fixed and stained using an alkaline phosphatase kit 
(Shanghai Hongqiao Medical Reagent Company, Shanghai, 
People's Republic of China). 32,33 A semiquantitative analysis 
of alkaline phosphatase was performed as previously 
described. 34 Alkaline phosphatase activity was determined 
by measuring the optical density values for absorbance 
at 405 nm after incubation with p-nitrophenyl phosphate 
(Sigma- Aldrich, St Louis, MO, USA) for 30 minutes at 37°C. 
The intracellular total protein content was determined using 
the Micro BCA protein assay kit (Thermo Fisher Scientific, 
Waltham, MA, USA), and the alkaline phosphatase activity 
was normalized to the total protein content. 

Reverse transcription and real-time 
polymerase chain reaction assay 

Expression of the osteogenesis-related genes osteocalcin 
(OCN), osteopontin (OPN), and alkaline phosphatase (ALP) 
was evaluated using real-time polymerase chain reaction. 35,36 
Cells were seeded with 2xl0 4 cells per mL and cultured for 
14 days. Total RNA was isolated using the TRIzol reagent. 
Equivalent RNA from each sample was reverse-transcribed 
into complementary DNA using the PrimeScript™ reverse 
transcription reagent kit (TaKaRa, Bio Inc, Otsu, Japan). The 
forward and reverse primers for the selected genes were based 
on previous research. 37 Expression levels of these genes were 
quantified using real-time polymerase chain reaction with 
SYBR Premix Ex Taq II (TaKaRa). The relative expression 
level for each gene of interest was normalized to that of the 
housekeeping gene GAPDH. ig 

Western blot analysis 

Western blot analysis was used to investigate the expres- 
sion of various osteogenic-related proteins, including OCN, 
OPN, and alkaline phosphatase, in cells incubated on the 
tested titanium specimens. The rBMMSCs were seeded on 
the titanium specimens at a density of 5.0x1 0 4 cells per mL 
for 7 days. Cells were then harvested with a cell protein 
extraction reagent containing a protease inhibitor cocktail, 
phosphatase inhibitor cocktail, and phenylmethanesulfo- 
nyl fluoride (KangChen Bio-tech Inc., Shanghai, People's 
Republic of China). Equal amounts of protein were sepa- 
rated by sodium dodecyl sulfate-polyacrylamide gel elec- 
trophoresis and transferred onto polyvinylidene difluoride 
membranes. The blots were blocked with a buffer containing 
5% defatted milk and reacted with primary antibodies. The 
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primary antibodies were anti-OCN (Abeam, Cambridge, 
UK), anti-OPN (Abeam), anti-alkaline phosphatase 
(Proteintech Europe, Manchester, UK), and anti-p-actin 
(Sigma-Aldrich). Membranes were then incubated with 
horseradish peroxidase-conjugated secondary antibodies 
including goat anti-rabbit and goat anti-mouse (Beyotime 
Institute of Biotechnology, Jiangsu, People's Republic of 
China). Protein bands were visualized using an enhanced 
chemiluminescence detection system (Alliance; UVItec 
Limited, Cambridge, UK). 

Effects of extracts on rBMMSCs 

The accumulated magnesium ion release from each group of 
plates was investigated using DMEM. Each sample (1 cm 2 ) 
was immersed in 1 mL DMEM for 3 days and then moved 
to another 1 mL of fresh DMEM for the next 3 days. The 
amount of magnesium released in DMEM solution was 
measured using inductively coupled plasma atomic emis- 
sion spectrometry (Nu Instruments, Wrexham, UK), with 
the control specimens (NT) used as blanks. 

After 12 days of incubation, the collected extracts were 
supplemented with 10% fetal bovine serum and used in cell 
culture experiments. Cells were seeded in plates at a density 
of 2.0x1 0 4 cells per mL. After 4 hours of incubation, DMEM 
was replaced with different extracts from each type of sample, 
and then MTT cell metabolic assays, alkaline phosphatase 
activity assays, and real-time polymerase chain reaction 
assays were performed as described above. 

Statistical analysis 

The data are expressed as the mean + standard deviation. The 
results of assays were compared using analysis of variance 
with Student-Newman-Keuls post hoc tests by SAS version 
8.2 software (SAS Institute, Cary, NC, USA). P<0.05 was 
considered to be statistically significant. 

Results 

Sample characterization 

Figure 1 shows the surface morphology of the titanium 
plates after hydrothermal treatment and subsequent 
magnesium plasma immersion ion implantation (Mg 
PIII) processing. After reacting with alkaline hydrogen 
peroxide, a homogeneous nanotip structure emerged on 
the titanium surface, almost perpendicular to the substrate 
(Figure 1A). The corresponding energy-dispersive X-ray 
spectrum showed that only titanium and oxide elements 
were detected, confirming the complete replacement of 
sodium ions by hydrogen ions (Figure S2). After Mg PIII 



4 




Figure I Surface morphology of three samples at different magnifications. (A and B) 
NT, (C and D) Mg30, and (E and F) Mg60. 

Abbreviations: NT, hierarchical hybrid micro/nanostructured titanium surfaces; 
Mg30, hierarchical hybrid micro/nanostructured titanium surfaces followed by 
magnesium ion implantation for 30 minutes; Mg60, hierarchical hybrid micro/ 
nanostructured titanium surfaces followed by magnesium ion implantation for 60 
minutes. 

processing for 30 minutes, the nanotip topography was 
altered from the visual field of scanning electron micros- 
copy at high magnification, as shown in Figure ID. The 
corresponding energy-dispersive X-ray spectrometric 
mapping of magnesium, titanium, and oxygen elements 
demonstrated the uniform distribution of magnesium on 
the sample surface (Figure SI). Prolonging the PIII time 
to 60 minutes did not significantly change the surface 
topography (Figure IE and F). 

The Mg30 and Mg60 samples underwent further explo- 
ration using transmission electron microscopy techniques. 
Figure 2A shows the typical bright-field transmission 
electron microscopic image of the sample scratched from 
the Mg30 surface. The corresponding energy-dispersive 
X-ray spectrum was also acquired, demonstrating the 
existence of magnesium, titanium, and oxygen elements, 
with a magnesium loading content of 2.70% (Figure 2B). 
After Mg PIII for 60 minutes, the nanotopography of Mg60 
resembled that of Mg30 (Figure 2C), with an increased 
magnesium loading content of 4.50% (Figure 2D). During 
transmission electron microscopy measurement, the testing 
samples were powders scratched from the modified titanium 
surface, which minimized the influence of the metallic 
titanium substrate and provided an accurate estimation of 
magnesium content. 
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Cell morphology and proliferation 
on titanium surfaces 

The actin cytoskeleton was labeled to observe cell morphology 
at 24 hours after seeding on the three titanium surfaces. The 
cells maintained their typical spindle morphology, while actin 
filaments showed improved spread on the magnesium-treated 
titanium surface, especially in the Mg60 group (Figure S3). 

Cell proliferation on the specimens during the first 4 days 
of incubation was assessed using an MTT assay and the 
results are shown in Figure 3. There were significant dif- 
ferences between the three groups at days 1 and 4. The cell 
metabolic activity on the magnesium-treated titanium surface 
was significantly greater than that of the control group, and 



60 minutes of magnesium treatment showed the greatest 
cellular metabolic activity overall. 

Osteogenic differentiation activity 
in rBMMSCs on titanium surfaces 

The alkaline phosphatase staining results showed more 
pronounced alkaline phosphatase-positive areas on the 
magnesium-implanted micro/nanostructured titanium 
surfaces than on the controls (Figure 4A). The pronounced 
alkaline phosphatase-positive areas on the Mg60 surface 
were shown to be the best out of the three groups. Similar 
results were demonstrated by semiquantification of alkaline 
phosphatase (Figure 4C). 
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Figure 3 Analysis of cell metabolism on titanium substrates. 
Notes: *P<0.05, **P<0.0l versus NT group; **P<0.0l versus Mg30 group. 
Abbreviations: MTT, methyl thiazolyl tetrazolium; NT, hierarchical hybrid micro/ 
nanostructured titanium surfaces; Mg30, hierarchical hybrid micro/nanostructured 
titanium surfaces followed by magnesium ion implantation for 30 minutes; Mg60, 
hierarchical hybrid micro/nanostructured titanium surfaces followed by magnesium 
ion implantation for 60 minutes; D, day. 



Several osteogenic differentiation-related genes, including 
the early marker ALP and the relatively late stage markers 
OCN and OPN, were detected by the real-time polymerase 
chain reaction assay. All of these mRNAs were upregulated 
after 14 days of culture on the magnesium- implanted micro/ 
nanostructured titanium surfaces. The cells cultured on the 
Mg60 titanium surface showed the highest expression of both 
the early marker ALP and the relatively late stage markers 
OCN and OPN (Figure 4B). The Western blot results for 
expression of osteogenic-related proteins in the rBMMSCs 



on the titanium specimens after 7 days of incubation are 
shown in Figure 4D. The levels of OCN, OPN, and alkaline 
phosphatase were increased in the Mg30 and Mg60 groups 
(with a larger increase in the Mg60 group), compared with 
expression of (3-actin. 

Effects of extracts on rBMMSCs 

To understand the influence of the magnesium ions 
released from the bioactive ion implantation-treated micro/ 
nanostructured titanium surfaces, rBMMSCs were incu- 
bated in the extracts and subjected to cell proliferation and 
differentiation assays. As shown in Figure 5, the total cell 
metabolic activity increased during the observation period; 
however, there were no statistically significant differences 
between the three samples. Figure 6B shows that the osteo- 
genic differentiation-related genes OCN, OPN, and ALP were 
upregulated after 14 days of incubation with the collected 
extracts from magnesium-implanted micro/nanostructures. 
The Mg60 extraction showed the highest gene expression 
levels in comparison with Mg30 and NT extractions. Alka- 
line phosphatase staining and semiquantification assays 
further demonstrated the osteogenic differentiation ability of 
magnesium-containing extractions (Figure 6 A and C). 

Accumulation of magnesium ions released from the differ- 
ent titanium surfaces after 6 and 12 days of incubation in the 



A B 




Figure 4 Analysis of cell differentiation on titanium substrates. Alkaline phosphatase staining (A) and a quantitative assay (C) were carried out on the titanium surfaces. 
Expression levels of osteogenic-related differentiation genes and proteins (OCN, OPN, and alkaline phosphatase) were measured by real-time polymerase chain reaction 
and Western blot, respectively (B and D). 

Notes: m P<0.0\ versus NT group; *P<0.05, **P<0.0l versus Mg30 group. 

Abbreviations: NT, hierarchical hybrid micro/nanostructured titanium surfaces; Mg30, hierarchical hybrid micro/nanostructured titanium surfaces followed by magnesium 
ion implantation for 30 minutes; Mg60, hierarchical hybrid micro/nanostructured titanium surfaces followed by magnesium ion implantation for 60 minutes; OD, optical 
density; OCN, osteocalcin; OPN, osteopontin; ALP, alkaline phosphatase. 
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Figure 5 Analysis of cell metabolism in medium extractions. 

Abbreviations: MTT, methyl thiazolyl tetrazolium; NT, hierarchical hybrid micro/ 
nanostructured titanium surfaces; Mg30, hierarchical hybrid micro/nanostructured 
titanium surfaces followed by magnesium ion implantation for 30 minutes; Mg60, 
hierarchical hybrid micro/nanostructured titanium surfaces followed by magnesium 
ion implantation for 60 minutes; D, day. 



cell culture medium is shown in Figure 6D. Magnesium ions 
were detected in the extracts of both magnesium-implanted 
titanium surfaces throughout the observation period and the 
amount of magnesium ions detected in the Mg60 extracts was 
higher than that in the Mg30 extracts at each time point. 

Discussion 

Both the topography and chemical characteristics of a mate- 
rial play a critical role in the overall bioactivity of an implant 
and in mediating cellular function. In a previous study, an 
NT-fabricated titanium surface was shown to have better 
cellular function than a microrough titanium surface treated 



by acid etching alone. 13 In the present study, an Mg PHI 
technique was used to further improve the bioactivity and 
osteogenic activity of NT. 

Magnesium ion implantation 

PHI is a non-line-of-sight process that has been used for surface 
modification of various biomaterials. 39 It is a material modifica- 
tion process by which different amounts of ions can be injected 
onto a surface. 40,41 In this study, we successfully implanted dif- 
ferent concentrations of magnesium ions onto the NT titanium 
surface using this technique. Large amounts of magnesium 
were released from both Mg30 and Mg60 within the first 6 
days. Subsequently, lower concentrations of ions were released 
from the specimens. At each time point, the concentration of 
magnesium released from Mg60 was approximately twice that 
of Mg30, which further confirms the ability of this technique 
to control ion concentration with high accuracy. 

Effect of magnesium ions 
on cell differentiation 

We next evaluated the effectiveness of the two magnesium- 
incorporating titanium surfaces on the osteogenesis of 
rBMMSCs. When cells were cultured on the different 
titanium surfaces, both magnesium-treated samples showed 
enhanced proliferation as well as upregulated alkaline phos- 
phatase activity and osteogenic differentiation-related gene 
expression (including OCN, OPN, and ALP) compared with 
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Figure 6 Analysis of cell differentiation in medium extractions and accumulated magnesium ion release. Alkaline phosphatase staining (A) and quantitative assay (C) carried 
out in medium extraction, real-time polymerase chain reaction assay in medium extractions (B), and accumulated magnesium ion release at 6 and 1 2 days (D). 
Notes: # P<0.05, m P<0.0\ versus NT group; *P<0.05, **P<0.0l versus Mg30 group. 

Abbreviations: NT, hierarchical hybrid micro/nanostructured titanium surfaces; Mg30, hierarchical hybrid micro/nanostructured titanium surfaces followed by magnesium 
ion implantation for 30 minutes; Mg60, hierarchical hybrid micro/nanostructured titanium surfaces followed by magnesium ion implantation for 60 minutes; mRNA, messenger 
RNA; D, day; OCN, osteocalcin; OPN, osteopontin; ALP, alkaline phosphatase; OD, optical density. 
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the control sample (NT). Enhanced cell responses were cor- 
related with increasing concentration of magnesium ions. 
When cells were cultured in extract medium from the differ- 
ent specimens, alkaline phosphatase activity and osteogenic 
differentiation-related gene expression were also upregulated 
in a concentration-dependent manner in magnesium-modified 
titanium extractions compared with NT extractions. This 
clearly indicates the positive effects of magnesium ions on 
the osteogenic differentiation of rBMMSCs. Considering 
that a small amount (50 jlg/mL) of magnesium ions can 
enhance osteogenic differentiation, as reported previously, 42 
our present data demonstrate that a lower concentration of 
magnesium (approximately 0.5 u.g/mL) could produce a 
similar effect. 

Effect of magnesium ions 
on cell proliferation 

Proliferation was significantly enhanced compared with 
controls when rBMMSCs were directly seeded on the two 
magnesium-treated titanium substrates. However, when cells 
were cultured in the different extraction media, there was 
no significant difference in cell proliferation between the 
groups. There are several factors that could have contributed 
to this finding. 

First, alteration of surface micro/nano structure patterns 
caused by Mg PHI may have caused this phenomenon; 
however, it is generally considered that the implant damage 
caused by this violent process can be reversed by post- 
implantation annealing without significant dimensional 
changes taking place during the process. 43 There are also 
studies showing that the surface morphology becomes 
slightly smoother or damaged after ion implantation. 28,44 In 
our present study, when Mg PHI was used for the first time 
to treat NT-modified titanium surfaces, a new intertwined 
micro/nanosheet surface appeared. With prolonged process- 
ing time, the altered intertwined micro/nanosheet became 
stronger. Therefore, gradual changes occurring on the micro/ 
nanostructures might have contributed to the accelerated 
cell proliferation when cells were cultured on the different 
substrates. 

Second, when cells initially came into contact with the 
titanium surfaces, there was a distinct local microenvi- 
ronment at the biomaterial interface, which was possibly 
different from other parts of the culture environment and, 
consequently, the collected extracts. Considering the ion 
diffusion kinetics, 45,46 gradual dissolution of magnesium 
ions may have temporarily raised the local ionic concen- 
tration of biological fluids in the cell-biomaterial contact 



microenvironment. On the other hand, possible existence 
of the chemical form of this element may also play a posi- 
tive role in the biological enhancement of rBMMSCs. We 
assume that these factors might lead to the accelerated 
cell proliferation on the plates rather than in the extracts. 
In addition, we cannot rule out the underlying combined 
effects of topography and chemical composition, including 
the physical and chemical forms of magnesium, in the cell- 
biomaterial contact microenvironment on cell proliferation 
ability. Regardless of the underlying mechanism, which 
needs further investigation, the final responses of cells on the 
magnesium-incorporated NT surfaces show clear benefits 
for potential bone regeneration and osseointegration. 

Conclusion 

In this study, magnesium-implanted titanium surfaces with 
a micro/nanostructure were prepared by acid etching and 
hydrothermal treatment followed by plasma immersion ion 
implantation to load different concentrations of magnesium. 
The magnesium-implanted micro/nanostructure-modified 
titanium surfaces facilitated the proliferation of rBMMSCs. 
Importantly, the osteogenic differentiation activity of 
these cells was promoted by the modified surface of their 
extractions. Magnesium-incorporated micro/nanostructured 
titanium surfaces are potential candidates for clinical applica- 
tions to improve bone and titanium integration. 
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Figure S2 Energy-dispersive X-ray spectra obtained from NT (A), Mg30 (B) and Mg60 (C). These results are different from those shown in Figure 2, which is attributed to 
the difference in sampling depth between the scanning and transmission electron microscopy techniques. In more detail, scanning electron microscopy was used to determine 
the chemical composition of both the surface thin film and the underlying titanium substrate. As a result, the percent content of elemental magnesium was decreased by the 
larger metallic titanium content with only 0.66 at atomic % for Mg30 and 1. 56 at atomic % for Mg60. 
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Figure S3 Morphology of cells on the titanium surfaces. Actin cytoskeletons were labeled to observe cell morphology at 24 hours after seeding on NT (A), Mg30 (B), and 
Mg60 (C). 

Abbreviations: NT, hierarchical hybrid micro/nanostructured titanium surfaces; Mg30, hierarchical hybrid micro/nanostructured titanium surfaces followed by magnesium 
ion implantation for 30 minutes; Mg60, hierarchical hybrid micro/nanostructured titanium surfaces followed by magnesium ion implantation for 60 minutes. 
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